ABSTRACT. The Charge Distribution MUltiSite Ion Complexation or CD-MUSIC modeling approach is used to describe the chemical structure of carbonate mineralaqueous solution interfaces. The new model extends existing surface complexation models of carbonate minerals, by including atomic scale information on the surface lattice and the adsorbed water layer. In principle, the model can account for variable proportions of face, edge and kink sites exposed at the mineral surface, and for the formation of inner-and outer-sphere surface complexes. The model is used to simulate the development of surface charges and surface potentials on divalent carbonate minerals as a function of the aqueous solution composition. A comparison of experimental data and model output indicates that the large variability in the observed pH trends of the surface potential for calcite may in part reflect variable degrees of thermodynamic disequilibrium between mineral, solution and, when present, gas phase during the experiments. Sample preparation and non-stoichiometric surfaces may introduce further artifacts that complicate the interpretation of electrokinetic and surface titration measurements carried out with carbonate mineral suspensions. The experimental artifacts, together with the high sensitivity of the model toward parameters describing hydrogen bridging and bond lengths at the mineralwater interface, currently limit the predictive application of the proposed CD-MUSIC model. The results of this study emphasize the need for internally consistent experimental data sets obtained with well-characterized mineral surfaces and in situ aqueous solution compositions (that is, determined during the charge or potential measurements), as well as for further molecular dynamic simulations of the carbonate mineral-water interface to better constrain the bond lengths and the number plus valence contribution of hydrogen bridges associated with different structural surface sites.
Overview of surface charge data in the literature for divalent metal carbonate minerals suspended in background electrolyte 9.5 ± 0.5 No data shown Yarar and Kitchener (1970) Iceland spar; 6.6-12.2 µm 3.3x10 others, 1993; Stipp and others, 1996; Liang and Baer, 1997; Jordan and Rammensee, 1998; others, 1999, 2000; De Guidici, 2002; Duckworth and Martin, 2003; Na and others, 2007) and spectroscopic methods (Stipp and Hochella, 1991; Chiarello and others, 1993; Stipp and others, 1994; Fenter and others, 2000; Pokrovsky and others, 2000; Geissbühler and others, 2004) , plus the development of molecular models for (hydrated) carbonate mineral surfaces Parker, 1997, 1998; Titiloye and others, 1998; others, 2001, 2002; Lasaga and Lüttge, 2001; Cygan and others, 2002; Rohl and others, 2003; Kerisit and Parker, 2004) have significantly advanced our comprehension of the microscopic structure and reactivity of carbonate mineral-aqueous solution interfaces. Surface complexation models (SCMs) provide a bridge between the macro-scale surface charging and sorption properties of carbonate minerals and the chemical structure of surface sites derived from spectroscopic information. The existing two-site SCM represents the hydrated carbonate mineral surface as an array of cation (ϵCaOH°) and anion sites (ϵCO 3 H°) (Van Cappellen and others, 1993; Pokrovsky and others, 1999a Pokrovsky and others, , 1999b Pokrovsky and others, , 2000 Schott, 1999, 2002 ; see review below) and uses the constant capacitance model to describe the electric double layer. However, as Van Cappellen and others (1993) remarked, this model corresponds to an idealized, averaged representation of the mineral-solution interface. The model does not take into account the diversity of micro-topographical sites exposed at real mineral surfaces, such as face, step and kink sites. As a logical next step, the Charge Distribution MUltiSite Ion Complexation (CD-MUSIC) modeling approach allows one to include crystallographically distinct surface coordination sites. The application of the CD-MUSIC approach to carbonate mineral surfaces is the subject of this paper.
The MUSIC model approach uses the valence bond theory to describe the charging of mineral surfaces others, 1989a, 1989b) . Valence bond theory, a refinement of Pauling's valence bond concept, has been used successfully to interpret the bulk structures of crystals. The theory can, however, also be applied to crystal surfaces. The MUSIC model was initially developed others, 1989a, 1989b) and refined to the CD-MUSIC model (Hiemstra and others, 1996; for simple metal (hydr)oxides. Recently, the CD-MUSIC model has also been applied successfully to describe the surface charging of montmorillonite in aqueous solution (Tournassat and others, 2004) . Here, it is used to theoretically describe the dependence of the surface charging of divalent metal carbonate minerals on pH, the aqueous metal concentration and P CO2 .
In order to apply the CD-MUSIC model, it is necessary to define the microscopic/ atomistic surface structure. In other words, one must specify which crystal faces are exposed and which types of sites are present at the mineral surface. This is a major difference between the existing SCM of the carbonate-water interface and the CD-MUSIC model. Explicitly distinguishing face, edge and corner sites opens new avenues for the interpretation and modeling of adsorption reactions, incorporation of foreign elements, and carbonate mineral growth and dissolution (step edge movement). After reviewing the available structural information for carbonate mineral surfaces, and deriving this information from crystallography if necessary, the charge and proton affinity for each type of site are calculated with the CD-MUSIC model. The resulting proton affinity constants are then compared to those in the existing two-site SCM. The two modeling steps, the derivation of the site types and the calculation of the charges and proton affinities, are illustrated in detail for calcite. Because the dissolved mineral constituents, that is, the divalent metal cations and carbonate anions, are potential determining ions (PDIs), their adsorption onto the mineral surface is also addressed within the CD-MUSIC framework. The CD-MUSIC model is subsequently used to systematically analyze the available electrokinetic data for calcite and constrain the possible causes of the large variability in the observed pH trends. Finally, surface charges and surface potentials for a number of other divalent metal carbonates under variable solution conditions are simulated with the model.
background

Existing Surface Complexation Models
The first SCM model to quantitatively describe the acid-base and electrical charging properties of carbonate mineral-aqueous solution interfaces was developed by Van Cappellen and others (1993) (table 2) . They based their model on the work of Stipp and Hochella (1991) , who presented X-ray photoelectron spectroscopic (XPS) measurements supporting the existence of hydrated calcium, ϵCaOH°, and carbonate, ϵCO 3 H°, sites (where ϵ symbolizes the mineral surface lattice) on fresh calcite surfaces exposed to water. The model further assumed that the density of hydrated surface sites reflects the density and stoichiometry of lattice sites along cleavage and growth planes. The formal description of the chemical structure of the carbonate mineral-water interface relied on the analogy between surface and solution complexation reactions, as described in surface complexation theory (for example, Schindler and Stumm, 1987) . The surface complex formation constants were fitted to the pH dependent surface charge data for rhodochrosite and siderite obtained from potentiometric titrations (Charlet and others, 1990) , and the point of zero charge for calcite measured by electrophoresis by Mishra (1978) . The model, even without fitting to experimental data, was able to reproduce essential features of the surface chemistry of Pokrovsky and Schott, 2002) . Like Van Cappellen and others (1993) , they assumed that the density of hydrated surface sites reflects the density and stoichiometry of lattice sites along the cleavage and growth planes. They showed that the stability constants of the hydrolysis reactions of the metal surface sites correlate linearly with metal hydration constants in solution for a broad range of metals. However, no clear correlation was observed between stability constants of aqueous metal carbonate complexes and carbonate adsorbed on metal surface sites. Possibly, this points to important structural differences between carbonate-bearing surface and aqueous complexes (Pokrovsky and Schott, 2002) . The SCM was capable of reproducing the acid-base titration data of magnesite (Pokrovsky and others, 1999a) , dolomite (Pokrovsky and others, 1999b) , and the isoelectric points of all analyzed divalent metal carbonates (Pokrovsky and Schott, 2002) .
For rhodochrosite and siderite, surface charges derived from potentiometric titrations (Charlet and others, 1990) were shown to be consistent with electrokinetic measurements (Pokrovsky and others, 1999a (Pokrovsky and others, , 1999b (Pokrovsky and others, , 2000 Pokrovsky and Schott, 2002) . Furthermore, for the surfaces of calcite and dolomite, the predicted variations in surface speciation with pH were supported by infrared and X-ray reflectivity spectroscopy (Stipp and Hochella, 1991; Stipp and others, 1994; Chiarello and Sturchio, 1995; Pokrovsky and others, 2000) . As mentioned above, XPS evidence for the presence of ϵCaOH°and ϵCO 3 H°at the surface of hydrated calcite crystals (Stipp and Hochella, 1991) formed the basis for the development of the first carbonate SCM.
X-ray reflectivity (Chiarello and Sturchio, 1995) and XPS (Stipp and Hochella, 1991) data for calcite have shown that the spacing and long range ordering of the near-surface lattice are statistically identical to those of the bulk calcite lattice. These observations validate the assumption that the density of hydrated surface sites reflects the density and stoichiometry of lattice sites along cleavage and growth planes. Infrared (IR) spectroscopy of the (semi-) hydrated surfaces of calcite and dolomite showed, with pH decreasing from ϳ10 to ϳ5, a simultaneous increase in the integrated intensities of spectral bands assigned to the surface hydroxyl groups and a decrease in integrated intensity of the spectral bands assigned to the surface carbonate groups, a trend predicted by surface complexation modeling (Pokrovsky and others, 2000) . Also, the density of surface hydroxyl groups plus the ratio of hydroxyl to carbonate surface groups were in agreement with the model predicted values for calcite and dolomite surfaces (Pokrovsky and others, 2000) .
So far, however, the vast body of measured calcite surface potentials has not been used to calibrate or test the existing Surface Complexation Models of the carbonateaqueous solution interface.
Carbonate Mineral-Water Interface
The build-up of charge at carbonate mineral surfaces, as deduced from acid-base titrations (Charlet and others, 1990; Pokrovsky and others, 1999a) , is ϳ100 times higher per unit surface area than for oxide minerals. Within the framework of the constant capacitance model (CCM), which has been used by Van Cappellen and others (1993) and Pokrovsky and co-workers to describe the charge-potential relationship in the electric double layer (EDL), this requires capacitances that are one to two orders of magnitude higher for carbonate minerals than for iron oxides. Van Cappellen and others (1993) interpreted this observation to imply a thin, highly structured and hence non-diffuse EDL capable of accommodating high charge densities. In order for the Stern-Layer to have a physically reasonable thickness (ϳ1 Å), it can be inferred from the high capacitances that the dielectric constant of the interfacial water must be low, close to the value for fully structured water (Bockris and Khan, 1993) .
Both theoretical and experimental studies provide evidence for a distinct layering of the water at the calcite-water interface. Geissbühler and others (2004) presented X-ray reflectivity data showing that the water layer adsorbed to the (101 4) face of calcite is laterally ordered. They observed two adsorbed water layers at different heights from the surface plane (defined as the outer layer of lattice Ca atoms; fig. 2 ), the first one at 2.3 Ϯ 0.1 Å, the second one, with more weakly absorbed water molecules, at 3.45 Ϯ 0.2 Å. Molecular dynamics simulations of a ϳ 30 Å-thick water layer separating equivalent (101 4) faces of calcite (Kerisit and others, 2003; Kerisit and Parker, 2004) are in general agreement with the X-ray reflectivity results. The simu- Fig. 2 . Sketch of the location of the plane of crystal truncation (x) and the three planes that together describe the Stern layer: the 0-plane, cutting through the oxygen atoms in surface and adsorbed carbonate groups and hydroxylated surface metal ions; the 1-plane for inner sphere complexes; and the 2-plane for outer sphere complexation. Atoms are not to scale. lated surface hydration layer was observed to consist of two different layers of water molecules, at 2.2 Å and 3.2 Å above the surface calcium ions. The structure of the water was significantly different from bulk water for up to ϳ10 Å away from the surface.
Strong specific interaction between counter-ions and the mineral surface may help explain the non-diffuse nature of the EDL of carbonate minerals, as suggested by Pokrovsky and Schott (2002) . The weak dependency of the surface charge of metal carbonates on ionic strength, but its strong dependency on the aqueous concentrations of the lattice ions, supports this view. Thus, in contrast to metal oxides, carbonate mineral dissolution releases counter-ions that develop specific interactions with the solid surface, causing an intrinsic difference in the chemical structure of the EDL for these two types of minerals (Pokrovsky and others, 1999a) .
Surface complexation models explicitly take into account specific interactions between aqueous species and mineral surface sites. Pokrovsky and co-workers treated the sorption of the constitutive divalent cations, Me(II), to carbonate surface groups as outer-sphere complexation with some water molecules between the surface site and the adsorbed hydrated Me(II) (Pokrovsky and others, 2000) . Molecular dynamic simulations of the calcite surface have indicated that Ca(II) adsorbed as an outer sphere complex has an average coordination of 8.2 water molecules, while Ca(II) adsorbed as an inner sphere complex has an average coordination to 6.4 water molecules (Kerisit and Parker, 2004) . Dehydration of the adsorbed hydrated Me(II) has been suggested to be the rate limiting step in the (co)precipitation of various metal carbonates (Wersin and others, 1989; Pokrovsky and Schott, 2002) .
X-ray and IR spectroscopic measurements point to the presence of ϵCaOH°and ϵCO 3 H°sites at the surface of hydrated calcite crystals (Stipp and Hochella, 1991; Stipp and others, 1994; Pokrovsky and others, 2000) , implying sorption of hydroxyl ions onto the calcium surface sites and protonation of the surface carbonate groups. However, as hydrogen is not directly detected by these techniques (Stipp and Hochella, 1991; Pokrovsky, personal communication) , ϵCaOH°is indistinguishable from ϵCaOH 2 ϩ . Thus, strictly speaking, these techniques cannot distinguish a hydroxyl ion adsorbed to a surface calcium site from a water molecule adsorbed to a surface calcium. X-ray reflectivity measurements suggest that water molecules complete the coordination shells of the surface sites (Geissbühler and others, 2004), while energy minimization calculations of calcite surfaces in contact with either a monolayer of water molecules or hydroxyl ions imply that molecularly adsorbed water is favored energetically over hydroxylation, except at some steps and low-index calcite surfaces (Kerisit and others, 2003) . Bond valence considerations further argue in favor of the non-dissociative adsorption of water molecules at the calcite surface (Fenter and Sturchio, 2005) .
Some of the contradiction may reflect fundamental differences between the calcite-water and calcite-water vapor interfaces. For instance, X-ray reflectivity spectra of a saturated film of water on calcite did not show any difference whether the film of water had an acidic or alkaline pH, implying that no calcium or carbonate ions were adsorbing onto the calcite surface (Fenter and others, 2000) . In contrast, surface titrations of rhodochrosite, magnesite and dolomite at different values for P CO 2 and/or metal (Mn(II), Mg(II), Ca(II)) concentrations clearly showed significant effects on the surface charge (Charlet and others, 1990; others, 1999a, 1999b) , which is a strong indication that the mineral constituents adsorb from the bulk solution onto the mineral surface.
Even though there appear to be disparities between results from different lines of research on carbonate mineral-water interfaces, there are some striking agreements as well: (i) surface site densities are crystallographically controlled, and can therefore be predicted from truncation of the bulk lattice; (ii) water molecules in the vicinity of the mineral surface (that is, in the EDL) are highly ordered. Pokrovsky and others (1999a) proposed that a thorough interpretation of electrokinetic surface charge measurements, which, for carbonate minerals, are more widely available than surface titration data, would be possible through a refinement of the existing SCM by considering a triple layer model (TLM) rather than a CCM description of the EDL. Within the CD-MUSIC approaches, the three-plane (TP) model is used to describe the charge distribution across the mineral-surface water interface. The hypotheses underlying the TP model, as described by , are similar to those formulated for the TLM by Hayes and Leckie (1987) . The TP model distinguishes between strongly and weakly adsorbed ions (Stern, 1924; Westall, 1986) , and accounts for the structure and charge distribution of surface complexes within the EDL . In addition, because it allows one to estimate the electrical potential at the outer Helmholtz plane, it can be used to interpret electrokinetic data (for example, Davis and Kent, 1990 ). The TP model also facilitates the interpretation of sorption of inorganic and organic ligands, as well as simple cations .
Dissolution, Growth and Surface Structure
Extensive reviews have recently been published on carbonate mineral dissolution and growth (Morse and Arvidson, 2002; Morse and others, 2007) . Several authors have related the dissolution and growth kinetics of carbonate minerals to surface speciation calculations using SCMs (see below). In particular, the pH dependence of dissolution kinetics has been explained in terms of changes in surface speciation for the carbonate minerals calcite (Van Cappellen and others, 1993; Arakaki and Mucci, 1995) , magnesite (Pokrovsky and Schott, 1999a) , dolomite (Pokrovsky and others, 1999b) , rhodochrosite (Van Cappellen and others, 1993; Pokrovsky and Schott, 2002; Duckworth and Martin, 2003) , and the zinc and nickel carbonates smithsonite and gaspeite (Pokrovsky and Schott, 2002) . For dolomite growth, an SCM that accounts for sulfate adsorption has been used to discuss the possible causes for massive dolomite formation throughout geological time (Brady and others, 1996) . Pokrovsky and Schott (2002) proposed four pH-dependent dissolution mechanisms: (i) at the highest pH, the dissolution rate depends on the concentration of the doubly protonated metal site ϵMeOH 2 ϩ ; (ii) at slightly lower pH, the dissolution rate depends on the hydrolysis of surface metal centers and becomes pH independent; (iii) at even lower pH, the proton-promoted dissolution rate is controlled by the concentration of ϵCO 3 H°; (iv) within the lowest pH range, the dissolution rate is again pH independent because all surface groups are fully protonated. The pH values at which the different mechanisms become predominant depend on the mineral considered. For the more soluble carbonate minerals, such as calcite, the pH independent dissolution regime at very low pH typically falls outside the experimental window (for example, Rickard and Sjöberg, 1983; Pokrovsky and Schott, 2002 ; and the review by Morse and Arvidson, 2002) . More recently, Duckworth and Martin (2003) were able to describe dissolution rate data for rhodochrosite with a simple rate equation based only on the concentrations of ϵCO 3 H and ϵMnOH 2 ϩ , but including site-specific dissolution rates for acute and obtuse steps.
Direct observations of cleavage surfaces demonstrate that dissolution and growth on relatively flat surfaces of carbonate minerals are related to the dynamics of crystallographically controlled edge pits, spirals and step edges. This has been shown by AFM imaging for carbonate mineral dissolution (Hillner and others, 1992; Dove and Hochella, 1993; Gratz and others, 1993; Stipp and others, 1994; Liang and others, 1996; Davis and others, 2000; Lea and others, 2001; Duckworth and Martin, 2003, 2004) and growth (Gratz and others, 1993; Dove and Hochella, 1993; Teng and others, 2000; Shiraki and others, 2000; Higgins and others, 2002; Arvidson and others, 2006) , and, for dissolution, also by scanning force microscopy (Jordan and Rammensee, 1998) and optical interferometry (MacInnis and Brantley, 1992; Lasaga and Lüttge, 2003; Lüttge and others, 2003) . In earlier work, Rickard and Sjöberg (1983) observed that, near equilibrium, the surface area dependence of dissolution rates was different for different calcites, presumably due to differences in the types and abundances of reactive surface sites of the solids. Schott and others (1989) found that several orders of magnitude differences in dislocation densities (the starting point for edge-pit formation) caused only a minor (4%) increase in the dissolution rate far from equilibrium, while, near equilibrium, the rate increased by a factor of two to three, as confirmed later by MacInnis and Brantley (1992) . As a result of the increasing amount of observational data, significant effort has been devoted to develop process-based rate expressions that link growth and dissolution kinetics to the nature, distribution and surface manifestations of crystallographic defects (Teng and others, 2000) .
The observed crystallographic controls on growth and dissolution kinetics emphasize the importance of accounting for structural differences among the various surface coordination sites. In their review of 2007, Morse and co-authors pointed out that a major limitation of the application of current SCMs to carbonate mineral dissolution and growth is that "this approach . . . contains no intrinsic description of the variation in reactive site distribution (for example, attachment/detachment at kink sites and steps versus terraces)". A noteworthy exception to this statement is the dissolution model of Duckworth and Martin (2003) for single, cleaved rhodochrosite crystals. In this model, the surface sites that play a role in the dissolution mechanism are the edge sites-which were estimated to represent ϳ1.5 Ϯ 0.5 percent of the total number of surface sites by Duckworth and Martin. Within the framework of the CD-MUSIC approach, edge sites are explicitly represented, with a very similar concentration (1.2%) when perfect cleavage rhombohedra of rhodochrosite are assumed (see below). The CD-MUSIC model for carbonate minerals also allows for the appearance of highly charged carbonate sites, at very low pH values. These sites may explain the previously reported, but so far unexplained, increase in the dissolution rate of magnesite with pH decrease below pH 2 (Pokrovsky and Schott, 1999) . The CD-MUSIC modeling approach therefore represents a promising tool to relate the surface chemical structure of carbonate minerals to their growth and dissolution kinetics.
the cd-music model Surface Structure Carbonate minerals can be divided into three structurally different groups: the calcite group, the aragonite group and the dolomite group. Carbonate units, CO 3 2Ϫ , form the basic building blocks of all carbonate minerals, to which the divalent metal ions are coordinated. Table 3 lists the carbonate minerals considered here and gives an overview of the predominant cleavage and/or growth faces for each mineral, as reported in the literature. These faces are likely the predominant surfaces exposed to solution, although for an actual mineral sample the relative abundance of different crystal faces may depend on the provenance and sample preparation method.
To determine the structure of the dominant surfaces, mineral structures were taken from the library of the Diamond © program for calcite and from published X-Ray diffraction data referred to below for the other minerals. While the orientation of cleavage and growth planes are well-established (for example, Klein and Hurlbut, 1985) , the exact positions of these planes with respect to the actual lattice are not well known. This has been discussed in detail for oxides and silicate minerals by Koretsky and others (1998) . For a number of carbonate minerals, the types of surface sites have been constrained by surface spectroscopic studies (for example, Stipp and Hochella, 1991; Pokrovsky and others, 2000) and atomistic simulation calculations Titiloye and others, 1998; others, 2001, 2002; Cygan and others, 2002; Kerisit and others, 2003; Rohl and others, 2003) .
In the cases where bond lengths and site densities of surface sites are unknown, the CD-MUSIC model calculations assume ideal, unrelaxed surfaces as a first approximation (see also others, 2004, 2006) . For calcite, XPS and LEED studies have shown the presence of an ordered surface at least 1 nm thick that is very similar to the bulk lattice (Stipp and Hochella, 1991) . Koretsky and others (1998) tested five different methods to calculate the number of surface sites on mineral surfaces and compared the results for each method to available experimental values. Estimates based on the number of broken bonds gave the best agreement with site densities determined using the tritium exchange method. This method, where each broken bond of a near-surface atom is counted as one site, has been followed to calculate the site densities at carbonate mineral surfaces (table 3) . Note, however, that the estimated site densities would require experimental verification using, for example, the H 2 O adsorption isotherm method or the tritium exchange method (Koretsky and others, 1998) .
In the CD-MUSIC model, the types of sites present at the surface, and their coordination with atoms (or complex groups) of the bulk lattice, are constrained by the crystal planes exposed and the known bulk lattice structure. Thus, it is important to note that the site types are not free fitting parameters within the model. The pristine surface of a carbonate mineral consists of oxygen atoms which are either coordinated to carbon atoms within the carbonate groups or to metal ions (Ca(II), Mg(II), Fe(II), et cetera). Metal sites at hydrated carbonate mineral surfaces are coordinated to oxygens of OH Ϫ groups or water molecules. Surface site concentrations may in principle vary with the morphology and size of the crystals. If faces other than the (101 4) are exposed to solution, the ratio of metal to carbonate surface sites, ϵMeO:ϵCO 3, may deviate from the 1:1 stoichiometry. Variations in the site densities and ϵMeO:ϵCO 3 ratios can be accounted for in the CD-MUSIC model calculations. While for calcite the equilibrium and growth morphologies are dominated by the (101 4) cleavage planes, for other carbonate minerals, in particular those within the aragonite group, (110), (011), and (010) faces are also expressed, which implies non-stoichiometric ϵMeO:ϵCO 3 ratios.
The three-plane (TP) model is used to describe the charge distribution across the mineral-surface water interface ( fig. 2) . The plane of crystal lattice truncation cuts through the surface metal and carbon atoms (x-plane in fig. 2 ). The three planes that together form the Stern layer of the carbonate mineral-solution interface are: (i) the Markgraf and Reeder (1985) . 0-plane, which cuts through the oxygen atoms in surface and adsorbed carbonate groups and hydroxylated surface metal ions, and where (de)protonation is the main charging reaction, (ii) the 1-plane, or inner Helmholtz plane, where inner-sphere complexation reactions take place, and (iii) the 2-plane, or outer Helmholtz plane, where outer-sphere complexes are located. The 0-and 1-planes are located close to each other. For inner-sphere complexation, this results in the contributed charge to be distributed between the 0-and the 1-plane ( fig. 2) . In most of the model calculations presented here, outer-sphere complexation is ignored.
CD-MUSIC Model Calculations
A metal ion or carbonate group exposed at the surface may be coordinated differently to the underlying bulk lattice, depending on its position, either at a corner or edge site, or within a face. This will affect the charge neutralization of the (de)protonated oxygen, as is explained in detail by Hiemstra and others (1989a) . The valence bond concept of Pauling describes how the degree of neutralization of charge of, say, a cation in the bulk structure can be expressed per bond, so that the neutralization of the cationic charge will be equal to the sum of the coordinated anionic charges reaching the cation. In other words, each bond represents a fractional charge. At a surface, the existence of broken bonds leads to a lower degree of neutralization and, by a simple bookkeeping of the fractional charges, the formal charge of a surface cation or anion can be calculated (table 4) . Below, an example of formal charge calculations is given for calcite. The fractional charges are used in the surface charge calculations, following the CD-MUSIC approach, which accounts for the asymmetry of the charge distribution in the surface complexes. In the future, this approach may be refined, either by calculating the actual charges from fitting experimental adsorption data (Hiemstra and others, 1996) , or from molecular dynamic simulations (Hiemstra and Van Riemsdijk, 2006) or semi-empirical model calculations like those applied to calcium carbonate dimers (Mao and Siders, 1997) . 
Formal charges of the surface groups at different positions
The proposed CD-MUSIC model for carbonate minerals thus considers six types of sites, a face, edge and corner site for both the carbonate and the metal groups. The proton affinity of a surface group is calculated from the fractional charge of the surface oxygen by considering the valence bonds with its nearest neighbors, using the following expression :
where A is a constant equal to 19.8, V is the valence of the surface oxygen (V ϭ Ϫ2), and ¥ j s j is the sum of valence bonds with the nearest neighbors, expressed in valence units (v.u.): (Brown and Altermatt, 1985) :
where R is the distance of the metal-oxygen or carbon-oxygen bond derived from the crystal structure. R 0 is the element specific distance and b is a constant (0.37 Ϯ 0.05 Å); both parameters have been empirically determined from fitting equation (3) to the chemical connectivity (bonding) in inorganic crystals (Brown and Altermatt, 1985) . Values for R and R 0 reported for different bonds and bond lengths are listed in table 5 and are discussed below. The values for m and n in equation (2) are the only free parameters when calculating the proton affinity of surface groups with equation (1). Steric considerations, however, put limits on m and n: a surface oxygen coordinated to one atom can, in principle, interact with two or three donating or accepting hydrogen bonds (m ϩ n ϭ 2 or 3), while surface oxygens coordinated to more than one atom can interact with one or two donating or accepting hydrogen bonds (m ϩ n ϭ 1 or 2) (Hiemstra and others, 1996) . Recent molecular dynamics (MD) calculations suggest that the average number of hydrogen bridges to oxygen atoms on (hydr)oxy acid surfaces may range between 0.7 and 3.5 others, 2004, 2006) . In what follows, it is assumed that the metal and carbonate surface groups each have a fixed total number of hydrogen bridges, irrespective of their location on the surface. In addition, the number of hydrogen bridges is assumed not to vary with the degree of (de)protonation of the sites. Thus, the values of m ϩ n for the carbonate and metal sites represent two fitting parameters of the model. For each mineral surface considered here, the choice of values for m and n will be discussed, where possible in relation to molecular simulations.
In order to limit the number of adjustable model parameters, the complexation constants for calcium and carbonate sorption at the calcite surface reported by Van Cappellen and others (1993) were implemented without further modification. Impos-ing the more recent values proposed by Pokrovsky and Schott (2002) resulted in overall less agreement between the model and the literature data used for model validation. More particularly, simulating -potential data at different added calcium concentrations using these authors' calcium adsorption constants leads to overestimation of the potential increase (see fig. 3 ).
In the TP model, the Stern-Grahame interfacial model is used to describe the charge-potential relationships for the two regions between the three planes. Simply put, this means that the layers between planes 0 and 1 and between 1 and 2 are serial capacitors, which have constant, but not necessarily equal, capacitances. For the innermost layer, the electrical charge resulting from inner sphere complexation reactions is distributed between the 0-and the 1-planes (fig. 2) . The charge distribution parameter f defines the fraction of a sorbing ion that resides in the 0-plane. From this, the charge distribution of a given surface complex in the 0-and 1-planes (B 0 and B 1 , see table 6) can be calculated. For example, for adsorption of a Ca 2ϩ ion onto a surface carbonate, f ϵCO3Me ϭ 0, which means that all of the charge of the calcium is placed in the 1-plane. Therefore, B 0 ϭ Ϫ1 due to the deprotonation of the surface Table 5 Distances between the oxygen atom of the surface groups and their nearest metal or carbon neighbors in the bulk lattice (R), and specific distance relative to the ligand (R 0 ) after Brown and Altermatt (1985) . carbonate group, and B 1 ϭ ϩ 2 due to the addition of the Ca 2ϩ ion. For bicarbonate (and similarly for carbonate) adsorption, f ϵMeHCO3 ϭ 0.4, that is, 0.4 ⅐ (ϩ4) charge units of C from the adsorbing bicarbonate group is allocated to the 0-plane. Then, B 0 ϭ Ϫ(Ϫ1) ϩ 4 ⅐ f ϵMeHCO3 ϩ (Ϫ2) ϭ 0.6, where the first term corresponds to the dehydroxylation of the surface cation, the second term is the fraction of the charge of C in the 0-plane, and the third term reflects the oxygen of the bicarbonate group placed in the 0-plane ( fig. 2) . Likewise, for the 1-plane, B 1 ϭ 4 ⅐ (1Ϫf ϵMeHCO3 ) ϩ 2 ⅐ (Ϫ2) ϩ 1 ϭ Ϫ0.6, where the first term is the remaining charge of C, and the second and third terms are the charges contributed by two oxygen atoms and the proton from the bicarbonate, respectively. The values for f are derived based on geometrical considerations ( fig. 2) . Although the values are somewhat arbitrary, the modeled -potentials and total net surface charges, which are used to assess the model performance, are insensitive to the f values. The f parameter is used here merely for consistency with the CD-MUSIC approach (Hiemstra and others, 1996) . Sorption data would be necessary for a quantitative derivation of actual values.
Structural group
Aqueous and surface speciation calculations were performed using the ECOSAT program (Keizer and Van Riemsdijk, 2002) , for the conditions at which the simulated experimental data were collected. That is, surface site concentrations were obtained from the experimental solid densities and specific surface areas, and the ionic strength and type of electrolyte used in the experiments were imposed in the model. Equilibrium between solution, solid and gas phases was assumed, unless otherwise stated. Thermodynamic data for the MeCO 3 -CO 2 -H 2 O systems were taken from (i) Plummer and Busenberg (1982) for Me ϭ Ca, (ii) Van Cappellen and others (1993) and the LLNL database for Me ϭ Fe, (iii) Van Cappellen and others (1993) for Me ϭ Mn, (iv) Pokrovsky and Schott (1999) for Me ϭ Mg. To account for ion pairing reactions with the electrolyte ions, the ECOSAT database was used. Electrostatic corrections for surface reactions were performed using the TP model; the capacitances of both layers were used as fitting parameters in the model simulations; C 1 is the capacitance of the layer between the 0-and 1-planes; C 2 is the capacitance of the layer between the 1 and 2-planes. As for any serial capacitors, the two relate to the total capacitance according to C Ϫ1 ϭ C 1 Ϫ1 ϩ C 2 Ϫ1 . It was further assumed that C 1 Ն C 2 . ECOSAT calculates separate surface charges ( i ) and potentials (⌿ i ) for the 0-, 1-and 2-planes. In what follows, the model output for ⌿ 2 is assumed to represent the potential measured in electrophoretic mobility and streaming potential experiments, that is, the 2 plane is assumed to coincide with the shear plane (Sposito, 1984) . This assumption is supported by the high capacitance values needed to simulate the Table 6 Surface reactions for different carbonate surfaces experimental data. A high capacitance value implies a collapsed EDL, which suggests that the 2-plane and the plane of shear at which the -potential is measured are close together. The total net surface charge () carried by the 0-, 1-plus 2-planes is directly related to the surface speciation as follows (for example, Schindler and Stumm, 1987; Van Cappellen and others, 1993) :
with expressed in C m Ϫ2 , Faraday constant, F, in C mol Ϫ1 , and surface concentrations [ϵ . . .] in mol m Ϫ2 . In table 2, the stability constants of the surface reactions in the two-site SCM and CD-MUSIC models are compared for a number of carbonate minerals. Note that the charges of the surface complexes in the CD-MUSIC model are different from those in the two-site SCM, and that one surface reaction in the CD-MUSIC model is not listed in table 2, namely the second protonation of carbonate groups, which is assumed to occur only at corner sites based on geometrical considerations. The differences in protonation constants between the models illustrate the interdependencies of these constants. In the CD-MUSIC model, the proton affinity of the carbonate surface groups is slightly weaker, and of the ϵMeO groups slightly stronger, than those in the original two-site SCM. On average, both models therefore predict the same pH iep and pH zpc values. For all carbonate minerals, both models predict a negligible concentration of the fully deprotonated ϵMeO groups across the whole pH range.
To summarize, assumptions common to both model approaches are: (i) surface site densities can be constrained from crystallographic data, (ii) surface complexation reactions are analogous to aqueous complexation reactions-equation (1) of the CD-MUSIC approach is founded on this assumption, (iii) mineral constituent ions are PDIs, and (iv) equilibrium can be reached between the mineral surface and the bulk solid, solution and gas phases. Major differences of the new CD-MUSIC model compared to the existing two-site SCM are: (i) the EDL consists of two layers that each have a constant capacitance, rather than one layer with a single capacitance, (ii) surface groups have fractional charges, compared to integer charges (for example, ϩ1 or Ϫ2) in the original SCM and, (iii) the surface structure in the CD-MUSIC model is based on six sites, rather than two. In addition, in the CD-MUSIC model, charges of sorption complexes are distributed between (two of) the three planes within the EDL. Lastly, the potential at the 2-plane derived in the CD-MUSIC model is assumed to correspond to the experimentally measured potential.
results and discussion
The (101 4) surface is the most stable crystal plane of calcite and, therefore, dominates its equilibrium and growth morphologies. All rhombohedral carbonates exhibit perfect [101 4] cleavage, and most likely the cleavage planes dominate the exposed surfaces of ground samples of these minerals. Therefore, the CD-MUSIC model for the calcite-group minerals is based on the face, edge and corner sites exhibited by the cleavage rhombohedron (Titiloye and others, 1998) . Figure 4 illustrates the smallest possible cleavage rhombohedron of calcite. The site densities of the metal and the carbonate groups along the (101 4) surfaces are listed in table 3. The relative amounts of face, edge, and corner sites were estimated by assuming that the particles are perfect cleavage rhombohedrons with average dimensions derived from the experimentally determined specific surface area or particle size.
Depending on its position-either at a corner, along an edge site or within a face-a metal or carbonate group is coordinated differently to the bulk lattice, thereby affecting its charge neutralization. For example, a Ca 2ϩ within the bulk calcite lattice has a six-fold coordination, which means that per bond one third of a unit elementary charge is neutralized. A Ca 2ϩ within an exposed face has a coordination number of 5 ( fig. 4) , resulting in a residual fractional charge of ϵCa ϩ1/3 . Subsequently, when the binding oxygen is taken into account, the charge of this surface group is ϵCaO Ϫ5/3 . In this way, the formal charges for all surface groups, as listed in table 4, can be calculated.
Calcite
A relatively large number of electrokinetic studies have been carried out on calcite suspensions. The reported -and streaming potentials, however, vary greatly and, at first glance, non-systematically ( fig. 1) . A careful inspection of the experimental conditions under which the various studies were performed suggests that the variable pH dependencies may reflect differences in solution composition and sample preparation, as well as variable degrees of disequilibrium between solid, solution and gas phase. The CD-MUSIC model offers a diagnostic tool to systematically analyze the electrokinetic data and constrain the possible causes of the large variability in the observed pH trends.
The experimental data included in the analysis were selected based on the completeness of solid, solution and, where appropriate, gas composition characterization during the experiments (table 1) . Also taken into consideration were the reported equilibration times, and information on the purity and preparation of the calcite samples. The selected data and model simulation results are shown in figures 5 and 6. The data of Moulin and Roques (2003) were omitted from the analysis, despite the fact that their methods seem robust and thoroughly described. However, their measured potentials are negative over pH range 5 to 7.5, in contrast with all other studies conducted under comparable experimental conditions, which imply positive poten- (101 4) faces. For the front face, atoms are opaque and corner (C), edge (E) and face (F) sites are indicated for the oxygen in CO 3 and the calcium atom that form CaO groups (oxygen atoms for the latter are not shown).
tials below a pH of approximately 8. The latter is also predicted by the CD-MUSIC model calculations.
As a starting point, the -potential data from Cicerone and others (1992) were used. These data, which were obtained on suspensions of pre-cleaned calcite with additions of excess aqueous Ca 2ϩ and in the absence of a gas phase, are shown in figures 3 and 5A and 5B. As can be seen in figure 3 , the existing SCMs can not simulate the potentials measured by Cicerone and others (1992) . In contrast, the CD-MUSIC model reproduces the general trend of the response of the -potential to the addition of excess aqueous Ca 2ϩ to the calcite suspensions (figs. 5A and 5B). In particular, for pH Ն 7, the model captures the switch from negative to positive -potentials upon addition of Ca 2ϩ ions ( fig. 5A ). Model predictions and data diverge at pCa Ͼ 4 ( fig.  5B) . However, at very low dissolved Ca 2ϩ concentrations, the assumption of equilibrium between calcite and solution may break down. As shown in figure 5B , the model can reproduce the measured -potentials at pCa Ͼ 4, when the solution is allowed to remain undersaturated with respect to calcite (dotted black line in fig. 5B ; with a saturation index from 0 at pCa ϭ 4 to Ϫ1.9 at pCa ϭ 6). The model-derived surface speciation, for the case where no excess calcium is added, is illustrated in figure 5C . Over the entire pH range considered (5-12), the surface is dominated by ϵCaOH 2 ϩ1/3 and ϵCO 3 -1/3 sites, whose opposite charges cancel out. As a result, only relatively small total net surface proton charges (eq 4) build up on the calcite surface ( fig. 5D ). According to figure 5D , the isoelectric point (pH iep ) and the point of zero charge (pH zpc ) of calcite in equilibrium with a stoichiometric solution in the absence of a gas phase are both around 7. When excess dissolved Ca 2ϩ is present, pH iep and pH zpc shift to higher values.
The model was subsequently applied to other literature data for calcite in open and closed systems, using the same set of parameter values as in figure 5 . Figures 6A  and 6B show the data of Pierre and others (1990) obtained in systems exposed to air or to a pure N 2 atmosphere. These authors used ground and spherical calcite powders that were either washed or not. The data show very large differences in -potentials between washed (black symbols) and unwashed (other symbols) calcite powders, illustrating the crucial importance of sample preparation. The -potential data for ground calcite that was rinsed several times prior to the measurements are in good agreement with the predictions of the CD-MUSIC model, while data and model do not agree for ground and spherical calcite that was not washed. Furthermore, the disagreement increases with increasing pH. A similar observation was made by Eriksson and others (2007;  gray squares in fig. 1 ) for potential measurements carried out with suspensions of unwashed calcite open to the atmosphere. Most likely, the observed disagreement is due to disequilibrium between the solution and gas phase (for example Plummer and others, 1978; Chou and others, 1989) or to non-stoichiometric effects as is explained below.
Washing removes the smallest calcite particles produced during grinding. In the suspensions with unwashed calcite, the rapid dissolution of the finest calcite fraction causes a rapid consumption of protons and H 2 CO 3 (aq)
1 . In open systems, the slow equilibration rate of CO 2 (g) at alkaline pH, especially at P CO 2 Ͻ 0.03 atm (Plummer and others, 1978) , leads to undersaturation of the solution with respect to CO 2 and, thus, to pH values exceeding the theoretical equilibrium values. Variable degrees of CO 2 (g)-CO 2 (aq) disequilibrium could thus explain the observed pH trends of potential measurements for calcite in solutions open to the atmosphere (figs. 6A-D). As shown in figures 6A-D, potentials measured at near-neutral pH tend to agree with simulated ⌿ 2 potentials for calcite in open systems, while potentials measured at high pH approach simulated ⌿ 2 potentials for calcite in closed systems.
In addition to disequilibrium between solution and gas phase, the absence of equilibrium between solution and solid phase also appears to affect reported -potential measurements. Mishra (1978) "equilibrated" calcite with solution for only 30 minutes (table 1). As can be seen in figure 6C , -potentials measured by Mishra (1978) approach the modeled ⌿ 2 potentials for calcite in equilibrium with solution and gas phase only in the vicinity of the solubility minimum (pH Ϸ 8.2). At lower and higher pH, the measured potentials are closer to the potentials modeled for systems out of equilibrium with respect to calcite ( fig. 6C ), suggesting that an equilibration time of 30 minutes may not have been sufficient to reach thermodynamic equilibrium.
Washing calcite samples prior to electrophoretic measurements may also dissolve away non-stoichiometric surface layers or deposits. For example, Pierre and others (1990) report that the aqueous Ca 2ϩ concentrations measured during the experiments performed under an N 2 atmosphere with unwashed calcite were below those expected for stoichiometric equilibration with pure CaCO 3 . Their measured -potential values (black triangles in fig. 6B ) fall between the values simulated for a stoichiometric (thin black line) and a Ca 2ϩ (aq)-deficient closed model system (thin dotted line), in line with the solution-chemistry data. The model-predicted surface potentials are not only sensitive to the stoichiometry of the solution, but also to that of the surface metal carbonate minerals; a critical assessment of surface charge and potential data figure 6B , where simulated potentials of calcite for a surface ratio [ϵCaOH] tot :[ϵCO 3 H] tot ϭ 55:45 are shown (dash-dot and dash lines). As can be seen, even relatively small deviations from a 1:1 surface stoichiometry are predicted to fundamentally change the electrochemical surface properties of carbonate minerals.
The importance of careful cleaning of calcite samples has long been recognized by experimentalists. For instance, Douglas and Walker (1950) boiled their calcite samples in distilled water for an hour, "a treatment found to give reproducible behavior from one batch of material to another, as was shown by the constancy of the calculated potentials towards water and N/10 Naϩ ion buffer of pH 9, and to regain the initial state after following through the effect of various electrolytes". Recently, Na and others (2007) observed the presence of nanostructures along step edges of calcite and rhodochrosite, after cleaving the crystals and storing them for a few hours at relative humidities of 20 to 80 percent. These nanostructures exhibited local surface potentials that were ϳ120 (calcite) and ϳ200 to 300 mV (rhodochrosite) higher than the average surface potentials.
The effect of sample preparation is further illustrated by the data of Thompson and Pownall (1989) who measured streaming potentials in systems closed to the atmosphere (figs. 6E and 6F). The crosses on figure 6E correspond to pH and streaming potential values measured simultaneously using crushed and sieved, but unwashed, calcite suspended in an identical salt solution, following the same procedure for each set of measurements. Nonetheless, the measured pH values range across one unit, while the potentials vary from slightly positive to about -20 mV. The poor reproducibility of electrokinetic measurements should be kept in mind when comparing model output and data. For example, figure 6F shows additional data by the same authors obtained in various electrolyte solutions using different titration techniques, with the corresponding model-predicted potential-pH curves. At first glance, model and data do not agree particularly well. However, considering the potential artifacts related to sample cleaning, solution and surface stoichiometry, plus the nonattainment of equilibrium, the model-predicted and observed trends are actually in reasonable agreement. Figure 6G shows the dependence of surface potentials on the calcium concentration in solution. Note that some data were obtained at constant pH by varying the calcium concentration (circles, plusses and bars), while most data were obtained by measuring calcium concentrations in solution after potentials were measured in a suspension where the pH was adjusted by acid or base titrations. Furthermore, most data were measured in systems open to the atmosphere. The model curves depicted are for closed and open systems in 0.03 M KCl and for a system undersaturated with respect to calcite (as in fig. 5B ). The discrepancies between model and data cannot be attributed solely to disequilibrium between the solution and gas phase, as the majority of the data fall outside the envelope of the model curves for closed and open systems. One explanation could be varying degrees of undersaturation with respect to calcite (see discussion of fig. 5B ). However, extremely low carbonate concentrations would be line) equilibrium with Ct and the atmosphere. (E) Data from Thompson and Pownall (1989) for equilibration (✕) and acid-base titrations of Ct in 5 mM NaCl (ᮀ), 5 mM NaCl/1 mM NaHCO 3 (‚), 5 mM NaCl/0.5 mM CaCl 2 ({), and for Ca(OH) 2 (ᮀ) and H 2 CO 3 titrations in 5 mM NaCl/1 mM NaHCO 3 (E). (F) Potential versus pCa data from Cicerone and others (1992; F) , Huang and others (1991; -; CaCl 2 titration), Pierre and others (1990;  for CaCl 2 titration at pH 8.5 (ϩ) and 10.35 (E) in 0.01 M NaCl, and acid-base titrations in 0.001 M NaCl (✕), 0.01 M NaCl (ᮀ), and 0.1 M NaCl ({)) and Foxall and others (1979) in 0.01 M NaCl (‚), 0.05 M NaCl ( ), and 0.15 M NaCl (■ ϩ). (G) Net proton charge density for calcite at different electrolyte concentrations (Eriksson and others, 2007) and model net proton charge density (solid line) and total net surface charge (, dashed line). required to cause undersaturation at low pCa (high calcium concentrations). Alternatively, the deviation of the observed potentials toward more positive values reflects artifacts related to the use of unwashed calcite samples.
In contrast to the large number of published studies presenting surface potential measurements for calcite, there is, to the authors' knowledge, only one publication reporting calcite surface charge measurements. Mainly this is due to the interference of the relatively fast dissolution and precipitation kinetics of calcite during acid-base titrations. Eriksson and others (2007) calculated net proton surface charges of calcite by correcting the net consumption of protons by calcite suspensions in contact with the atmosphere during acid-base titrations for the proton consumption by the supernatant alone ( fig. 6H ). At the high end of the pH range investigated, the model over-predicts the charge build-up, while at the low end the opposite is true. While the discrepancy between the experimental data and the model predictions may in part be due to dissolution and precipitation artifacts that were not accounted for (and for which calcite is notorious), the relatively short equilibration times of the calcite suspensions (1 hour) may also have prevented the attainment of thermodynamic equilibrium.
Overall, the uncertainties surrounding the nature and magnitude of potential artifacts in electrokinetic and acid-base titration studies with calcite suspensions prevent a straightforward validation of the surface model. However, both the experimental results and the model simulations indicate that clean, well-characterized mineral surfaces and a detailed knowledge of the in situ solution composition are essential to interpret electrokinetic measurements in terms of surface speciation. For a closed system containing initially only pure calcite and an inert background electrolyte, the model-predicted surface speciation of calcite is schematically shown in figure 7 for three different pH values (5, 8, 11) , assuming that the solid and solution remain in thermodynamic equilibrium (conditions are the same as in fig. 5C ). At low pH, adsorption of bicarbonate and calcium ions is a dominant charge-determining process. With increasing pH, the adsorption of lattice ions decreases in importance, while, at high pH (ϳ11), deprotonation of water molecules sorbed to surface calcium sites becomes a significant source of negative charge. Thus, even for the most simple carbonate mineral-water system, surface charging is an inherently complex process.
Rhodochrosite, Siderite, Magnesite and Dolomite
Far fewer studies have been devoted to the surface chemistry of divalent metal carbonate minerals other than calcite. For the four minerals considered here, both surface charge and -potential data are available (figs. 8 and 9). In addition, the data extend to pH values below 7, because these minerals dissolve much slower than calcite under acidic conditions.
The CD-MUSIC model fits to experimental -potential and surface charge data versus pH for rhodochrosite are shown in figure 8 ; the corresponding model parameters are listed in tables 3 to 6. The total number of hydrogen bonds, the proton affinities (equation 1), and the capacitances C 1 and C 2 were varied by trial and error to obtain visual fits to the -potential data ( fig. 8A ) plus the surface charge data at P CO 2 ϭ 0.005 atm ( fig. 8B ), and then kept constant when simulating the surface charge at P CO 2 ϭ 0.5 atm ( fig. 8C) . High values for C 1 and C 2 were required to simulate the relatively high surface charges observed. For the model simulations presented in figure  8 , C 1 ϭ C 2 ϭ 100 F m Ϫ2 . Generally, the outer capacitance is assumed to be smaller than the inner capacitance (for example, Yates and others, 1974; Davis and others, 1978; . Recently, however, Sverjensky (2005) proposed to estimate C 2 by assuming C 2 ϭ C 1 for a broad range of minerals. Our model simulation results are consistent with this proposal. With lower inner or outer capacitance values, the surface potential data of rhodochrosite could be reproduced, but the surface charge data were significantly underestimated. High capacitances of carbonate mineralwater interfaces have been noted previously (Van Cappellen and others 1993) , and were attributed to a high degree of molecular ordering near the mineral surface.
The model reproduces the experimental dependence of the -potential of rhodochrosite on pH measured by Pokrovsky and Schott (2002) (fig. 8A) . The deviations between model and data may in part be due to variations in the dissolved Mn 2ϩ concentration that were measured by Pokrovsky and Schott ( fig. 8A ). The range of aqueous Mn 2ϩ concentrations reported by the authors also implies that the assumption of thermodynamic equilibrium between the bulk solid and solution does not hold over the entire pH range studied, that is, the variation in Mn 2ϩ concentration was larger than expected if the mineral suspension were at equilibrium. Therefore, the assumption of equilibrium between the solid and solution was relaxed and the measured values of the Mn 2ϩ and carbonate concentrations were imposed in the model simulations ( fig. 8A ). The observed downward shift in pH zpc from ϳ7 to ϳ6 when P CO 2 increases from 0.005 to 0.5 atm is correctly captured by the CD-MUSIC model (figs. 8B and 8C). This shift reflects enhanced carbonate adsorption to the mineral surface. The steepness of the total net surface charge versus pH at P CO 2 ϭ 0.5 atm, and for pH Ͼ pH zpc at P CO 2 ϭ 0.005 atm is not well reproduced by the model, however. Possibly, this reflects non-equilibrium conditions during the (fast) acid-base titration experiments. The model-predicted pH dependent surface speciation of rhodochrosite in 0.032 M NaCl and 0.005 atm P CO 2 is illustrated in figure 8D . Note the Fig. 7 . Ball-and-stick model of the surface speciation of calcite at pH 5, 8 and 11. Surface groups are drawn opaque, atoms that are part of the bulk mineral are drawn transparent. Differences in surface speciation between pH 5 and 8 are encircled in the sketch for pH 8; differences in surface speciation between pH 8 and 11 are encircled in the sketch for pH 11.
significant differences in the model-derived surface chemical structures for calcite in a closed system and rhodochrosite in an open system (compare figs. 5C and 8D).
The model parameters used in the simulations for siderite, magnesite and dolomite shown in figure 9 are listed in tables 3 to 6. The total number of hydrogen bonds and the values of C 1 and C 2 were all assumed identical to those for rhodochrosite. The proton affinities were calculated with the bond lengths selected in table 5. No additional fitting of the model parameters was performed. In all cases, a number of model simulations were run to bracket the conditions in the experiments: the model envelopes in figure 9 encompass the reported ranges of measured concentrations of total metal and total CO 2 . For magnesite, simulations assuming both solid-solution equilibrium and non-equilibrium are shown ( fig. 9D ). As for calcite and rhodochrosite, the simulation results emphasize the high sensitivity of the surface charges and potentials to changes in the concentrations of the dissolved mineral constituents and to the degree of disequilibrium.
One feature that cannot be accounted for by the model simulations, even when taking into account the full range of variation in solution composition, is the surface potential data of magnesite and dolomite at pH Ͻ 5 (figs. 9C and 9E). The measured potentials are on the order of 20 to 40 mV, while the model predicts values in the range 100 to 160 mV. Possibly, some of the imposed model parameter values are inadequate. For instance, the magnitudes of the surface charges and potentials of magnesite at pH 5 imply a total capacitance (C) on the order of 33 F m Ϫ2 (calculated from the relation ⌿ 0 ϭ /C), rather than 50 F m Ϫ2 as for rhodochrosite. Also, the assumption that model-derived ⌿ 2 potentials coincide with experimental -potentials, as well as the accuracy of -potential determinations at low pH, may need to be carefully reevaluated. (Pokrovsky and others, 1999c ) for dolomite at P CO 2 ϭ 0.96 atm and I ϭ 0.5 NaCl (■, thick solid line), I ϭ 0.01 NaCl (ᮀ), and P CO 2 ϭ 10 Ϫ3.5 atm and I ϭ 0.5 NaCl ({), I ϭ 0.1 NaCl (■), I ϭ 0.01 NaCl (}, thin solid line). Note the scale difference for the y-axis compared to figure 9B and 9D. Additional model parameters: C 1 ϭ C 2 ϭ 100 F m Ϫ2 ; and as listed in tables 3-6.
Sensitivity Analyses
The sensitivity of calculated surface potentials to a number of model assumptions and parameter values are illustrated for calcite in aqueous systems with no gas phase in figure 10 . A key assumption underlying the model results shown so far is that constant numbers of hydrogen bridges to and from the surrounding water can be assigned to the surface carbonate and metal groups (m ϩ n ϭ 2.2 for carbonate groups, and m ϩ n ϭ 2.4 for ϵCaO and ϵCaOH groups). Similarly, the bond lengths within the surface groups are fixed at constant values for any given carbonate mineral. In other words, the number of hydrogen bridges and the bond lengths are assumed to be independent of the structural location of the surface site, the (de)protonation of the surface group, or the composition of the background electrolyte solution. As shown by figures 10A and 10B, however, even small variations in the values of m ϩ n and the bond lengths of the surface groups have a major impact on the model-predicted surface potentials.
For example, varying the Ca-O bond length by Ϯ 5 percent around the experimentally determined length of 2.50 Ϯ 0.12 Å (Fenter and others, 2000) shifts the isoelectric point from pH iep Ͻ 5 for Ca-O ϭ 2.38 Å to pH iep Ϸ 11 for Ca-O ϭ 2.62 Å (fig. 10B) . A slightly longer C-O bond length compared to that in the bulk calcite lattice (Effenberger and others, 1981) steepens the simulated pH dependence of the surface potential, and shifts pH iep to ϳ9.2. Molecular dynamic simulations of solvated monomers and (hydr)oxy acid surfaces have shown that the length of the C-O bond in aqueous (bi)carbonate and that of surface Me-O bonds change in response to figure 5A , those in panel C as in figure 8A and those in panel D as in figure 8B .
(de)protonation others, 2004, 2006) . In principle, such effects could be taken into account in the CD-MUSIC model, once information on bond-length changes with (de)protonation becomes available for divalent metal carbonate surfaces.
Molecular dynamics (MD) simulations carried out by Kerisit and Parker (2004) for a perfectly flat calcite mineral surface in contact with bulk water yield an average of 0.86 hydrogen bridges per surface calcium. (Note: these authors do not report the number of hydrogen bridges to the oxygen atoms of surface carbonate groups). This value is on the lower side of the range obtained from MD simulations for surface oxygens on (hydr)oxy acid surfaces (0.7-3.5, Bickmore and others 2006) . Furthermore, the values of (m ϩ n) needed to fit measured surface potentials of calcite with the CD-MUSIC model are significantly higher than 0.86. In part, this discrepancy may reflect enhanced interaction of rough mineral surfaces with adsorbed water molecules compared to ideal, defect-free surfaces. Simply from a geometrical perspective, edge and corner sites should be able to accommodate more hydrogen bridges than face sites (Hiemstra and others, 1989a) . The ionic strength of the solution and the protonation or deprotonation of surface sites may further affect the structure of the adsorbed water layer and, hence, the degree of hydrogen bridging.
Even among edge or corner sites the number of coordinated water molecules and bond lengths may vary. For instance, there is ample evidence for major differences in the coordination environments along acute and obtuse edges on the {101 4} face of calcite. Differences in the affinities of trace elements (for example, Paquette and Reeder, 1995; Reeder, 1996; Alexandratos and others, 2007) and small organic compounds (for example, Orme and others, 2001) , as well as differences in pHdependent edge velocities during dissolution (Shiraki and others, 2000) , may be related to variable amounts of coordinated water molecules and Ca-O bond lengths between acute and obtuse edge sites. As emphasized by the results in figures 10A and 10B, small differences in hydrogen bridging and bond lengths could be a source of uncertainty when fitting the CD-MUSIC model to experimental data.
Another assumption underlying the model simulations presented so far is that calcium and carbonate adsorb as inner-sphere complexes. To simulate outer-sphere complexation, the values of B 0 , B 1 and B 2 were modified to, respectively, Ϫ1, 0 and 2 for Ca 2ϩ sorption, ϩ1, 0 and Ϫ1 for HCO 3 Ϫ and ϩ1, 0 and Ϫ2 for CO 3 2Ϫ . The calculated surface potentials with or without outer-sphere complexation are similar, although somewhat lower potentials are obtained for outer-sphere complexation in nonstoichiometric solutions with excess Ca 2ϩ (aq) (results not shown). The potentials are also largely unaffected by variations in the capacitance values, as long as C 1 Ն C 2 ( fig.  10C ). Calculated net surface charges, however, are more sensitive to the value chosen for C 2 . When C 2 drops from 100 to 10 F m Ϫ2 , charge build up at the surface decreases somewhat, but the isoelectric point remains unaffected ( fig. 10D ).
conclusions
The electrochemical properties of divalent metal carbonate minerals are far more challenging to model than those of metal oxide minerals. This reflects not only the experimental difficulties associated with the acquisition and interpretation of electrokinetic measurements and surface titration data, but also the inherently more complex surface chemistry of carbonate minerals. The very different proton affinities of carbonate and metal surface groups, as well as the more pronounced role of adsorption of the mineral constituents ions, results in a much broader spectrum of responses of the surface speciation and net electrical charge to changes in experimental conditions. For example, the isoelectric point of calcite varies widely, with reported values ranging from less than 7 to more than 11. A comparative analysis of model simulations and data reveals that the highly variable pH trends of the surface potential of calcite and other divalent metal carbonates may result from relatively minor differences in equilibration times, solution stoichiometry, and the purity plus roughness of the particle surfaces.
Compared to the existing SCM, the CD-MUSIC approach offers a more realistic representation of the carbonate-aqueous solution interface, which allows one to compute surface potentials of carbonate minerals. As a result, surface potential measurements can be used to test the performance of the surface chemical model. Further progress, however, will depend on the acquisition of consistent data sets. Our recommendations for experimental studies are to (i) use well-characterized and properly washed mineral surfaces, (ii) combine surface charge and electrokinetic measurements on the same mineral surfaces, (iii) perform experiments in closed systems (with no gas phase) or, when using open systems, insure that equilibrium between the solution and CO 2 (g) is reached, (iii) determine the in situ solution and gas compositions, that is, at the moment the surface charge or surface potential is measured, and (iv) in addition to pH titrations also titrate the mineral suspensions with the (potential-determining) mineral constituent ions. Finally, we strongly believe that a combination of experimental measurements and modeling may offer the most suitable approach to build a mechanistic understanding of the surface chemistry of carbonate minerals.
The representation of the chemical structure of the carbonate mineral-aqueous solution interface in the CD-MUSIC model could be improved by allowing the bond lengths and the number of hydrogen bridges to vary among structurally different surface sites. In the simulations presented here, all sites are assigned the same, average values of these model parameters. While this is a reasonable approximation given the present state of knowledge, simulations indicate that model-predicted surface charges and potentials are highly sensitive to distortion of the surface lattice (relaxation) and hydrogen bridging with adsorbed water molecules. Further research is needed, however, to determine how the bond lengths and number of hydrogen bridges vary from site to site, and how they respond to changes in solution composition. Molecular dynamic simulations of the carbonate mineral-water interface represent one promising approach to obtain this information. 
